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ABSTRACT: Phenolic compounds, including phenolic acids, are known to play a protective role against the development of
cardiovascular disease. The aim of this work was to generate a phenolic acid extract from Irish rapeseed meal, to determine the
quantity of sinapinic acid (SA) in this fraction and to assess the ability of this fraction to inhibit the enzyme angiotensin-I
converting enzyme (ACE-I; EC 3.4.15.1). A crude phenolic extract (fraction 1), free phenolic acid containing extract (fraction 2),
and an extract containing phenolic acids liberated from esters (fraction 3) were generated from Irish rapeseed meal using a
methanol:acetone:water solvent mixture (7:7:6). The total phenolic content (TPC) of each extract was determined and
proximate analysis performed to determine the fat, moisture, and protein content of these extracts. Nuclear magnetic resonance
(1H NMR) spectroscopy was used to quantify the level of SA in extract 3, which inhibited ACE-I by 91% ± 0.08 when assayed at
a concentration of 1 mg/mL, compared to the control, captopril, which inhibited ACE by 97% ± 0.01 when assayed at a
concentration of 1 mg/mL.
KEYWORDS: ACE-I, rapeseed meal, sinapinic acid, solvent extraction, total phenolic content

1. INTRODUCTION
Rapeseed is one of the world’s major oilseeds and a globally
valuable crop, with Europe being the largest producer.1 In
2013/2014, the EU produced 9- 93 million metric tons of
rapeseed oil.2 Rapeseed meal is a byproduct of rapeseed oil
production, and this is traditionally used as animal feed.
Rapeseed meal is unsuitable for human consumption due to the
presence of antinutritional compounds including phytates and
glucosinolates, which result in poor digestibility, unpleasant
color, and bitter taste.3 Glucosinolates are hydrolyzed to
produce harmful products including oxazolidinethione and
isothiocyanate, both of which impair the absorbance of iodine.4
Erucic acid, or cis-13-docosenoic acid, is another antinutritional
compound found in high concentrations in rapeseed. The toxic
eﬀects of erucic acid are mainly targeted toward the heart,
impairing cardiac muscle and altering the fat content of the
heart.4 However, rapeseed is reported to contain more phenolic
compounds than any other oilseed plant, with the majority of
phenolics remaining in the meal after oil production.5 These
phenolic acids, including sinapinic acid (SA), have gained
attention due to their bioactive properties such as antioxidant
and antidiabetic activities. SA has also been shown to possess
histone deacetylase (HDAC) inhibitory activity, with histone
deacetylase inhibitors (HDACi) known to play a protective role
against diabetes development.6 Furthermore, phenolic acids are
also thought to play a protective role in heart health and may
help to prevent cardiovascular disease (CVD).7−9
© 2017 American Chemical Society

Clinical studies have shown that the amount of dietary
phenolics required to exert their beneﬁcial eﬀects exceeds what
is obtainable from dietary intake alone.10 In this work, phenolic
acids containing SA were generated from Irish rapeseed meal
using a methanol:acetone:water (7:7:6) solvent system.
Cardiovascular disease remains the most common cause of
death globally. In 2013 the Global Burden of Disease (GBD)
study found that CVD accounted for 17.3 million deaths
worldwide.11 In Europe alone, CVD results in 4 million deaths
each year and 45% of all deaths.11 In terms of CVD,
hypertension is a critical factor. ACE-I is a zinc-dependent
peptidase which cleaves angiotensin I (a vasodilatory peptide)
to angiotensin II, which is a vasoconstrictor peptide involved in
regulating blood pressure.12 Inhibition of ACE-I reduces
vasoconstriction and reduces hypertension, therefore improving
heart health (Figure 1). The aim of this paper was to generate
extracts from Irish rapeseed meal and to assess the impact of
these extracts containing SA on the enzyme ACE-I. Given that
current ACE-I inhibitors such as captopril and enalapril have
various side eﬀects including cough, rash, and vomiting,
identifying ACE-I inhibitors from a natural food source is an
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Figure 1. Total phenolic content of Irish rapeseed meal phenolic fractions. All samples were tested at 1 mg/mL. Extract 1 had a TPC of 572 mg
SAE/g ± 0.05, with 1832 mg SAE/g ± 0.02 for extract 2 and 1726 mg SAE/g ± 0.08 for extract 3. Data is representative of three biological replicates
(n = 3), performed in triplicate. Data is expressed as mean ± SEM, carried out using Excel 2013.

area of interest.13 This is the ﬁrst paper to report the ACE-I
inhibitory activity of a rapeseed meal phenolic extract
containing SA, with potential use as a functional food
ingredient.

extract 2 was 0.70 g (0.5% yield), and extract 3 was 2.11 g (1.5%
yield). All samples were freeze-dried (Cuddon Engineering, New
Zealand) overnight and stored at −20 °C.
2.4. Total Phenolic Content. The total phenolic content was
determined using the Folin−Ciocalteu (F−C) assay, according to the
method described previously by Khattab et al. (2010).15 Brieﬂy, the
phenolic extracts (1−3) were prepared to a ﬁnal concentration of 1
mg/mL with methanol, in triplicate (Sigma-Aldrich, Dublin, Ireland).
Aliquots (0.2 mL) of each sample were diluted to 0.5 mL with water,
and 0.5 mL of Folin−Ciocalteu phenol reagent (Sigma-Aldrich,
Dublin, Ireland) was added. After 3 min, 1 mL of 19% sodium
carbonate was added to each sample. After 60 min, absorption was
measured at 750 nm using a spectrophotometer (Hitachi U-2900).
Sinapinic acid (Sigma, Dublin, Ireland) was used as the standard (1−
10 mg/mL), and results were expressed as mg of sinapinic acid
equivalents per gram (mg SAE/g).
2.5. Protein Analysis. Analysis of protein content was performed
on each phenolic extract (1−3) using the Dumas method in
accordance with the AOAC Method 968.06 (15th ed.) using a Leco
FP629 protein analyzer. A conversion factor of 5.70 was used in order
to determine the total protein content from the nitrogen
concentration.
2.6. Fat and Moisture Analysis. Total fat was determined for the
three phenolic extracts, along with rapeseed meal, defatted rapeseed
meal, and rapeseeds. This was carried out using the acid hydrolysis
ﬁlter bag technique using an automated Ankom Fat Analyzer XT15
based on the method ISO 6492.16
2.7. Ash Analysis. The ash content of samples was determined by
furnace overnight at 600 °C.17,18
2.8. ACE-I Inhibition. Measurement of ACE-I inhibition was
performed using the ACE-I kit-WST following the manufacturer’s
instructions (Dojindo Molecular Technologies Inc., Japan). Brieﬂy, the
phenolic extracts (1−3) and positive control (captopril) were assayed
in triplicate at a concentration of 1 mg/mL. The concentration of each
extract which inhibited ACE-I by 50% (the IC50 value) was determined
for extract 3 and captopril. Each extract was dissolved in deionized
water for the initial assay or 1% DMSO for the IC50 determination.
Absorbance was measured using an Omega microplate reader at 450
nm, and % inhibition was calculated using the following:

2. MATERIALS AND METHODS
2.1. Chemicals. Methanol, acetone, captopril, Folin−Ciocalteu
phenol reagent, sinapinic acid, and DMSO-d6 (with 1% TMS v/v)
were supplied by Sigma-Aldrich (Dublin, Ireland). The ACE-I kitWST was supplied by Dojindo Molecular Technologies Inc. Japan.
2.2. Sample Preparation. Rapeseed meal was kindly supplied by
Donegal Rapeseed Company, Co. Donegal, Ireland. The rapeseed
meal was prepared from seed harvested in the summer of 2014.
Rapeseed meal was defatted overnight with hexane using a
meal:solvent ratio of 90 g:5 L (w/v). Defatting was carried out at
room temperature on a JENWAY 1002 stirrer (Wolﬂabs, U.K.) and
repeated three times. Defatted meal was subsequently air-dried.
2.3. Extraction of Phenolic Acids. Extraction of free phenolic
acids and phenolic acids liberated from esters was performed according
to the method of Naczk et al. (1992), with modiﬁcations as
described.14
Brieﬂy, phenolic acids were extracted ﬁve times from Irish rapeseed
using a total meal:solvent ratio of 1:20 (w/v) of methanol:acetone:water (7:7:6 v:v:v). The extractions were carried out separately with 2
g of meal and 40 mL of methanol:acetone:water (7:7:6 v:v:v) in six
separate 50 mL tubes. Extracts were vortexed for 15 s, followed by
centrifugation for 15 min at 5000 rpm (2655g) at 20 °C. The
supernatants from each extraction were combined and reduced to
approximately 240 mL using rotary evaporation at 30 °C. From this,
40 mL was kept, before being dried under nitrogen at 30 °C and
labeled as extract 1 (total phenolics). In order to extract the soluble
esters, 30 mL of this initial extract was also kept for hydrolysis. The
remaining extract was extracted six times with diethyl ether:ethyl
acetate (1:1 v:v), evaporated at 30 °C using rotary evaporation, and
then was dried under nitrogen at 30 °C. This was labeled as extract 2
(free phenolic acids). To release the esteriﬁed phenolic acids, 30 mL of
the initial extract was hydrolyzed with 30 mL of 4 M NaOH under
nitrogen for 4 h at room temperature, before being acidiﬁed to pH 2
with 6 M HCL. The acidiﬁed solution was then extracted six times
with diethyl ether:ethyl acetate (1:1 v:v) evaporated at 30 °C using
rotary evaporation (BUCHI, Switzerland), before being dried under
nitrogen at 30 °C. This was labeled as extract 3 (soluble esters).
Multiple extractions were carried out and pooled. From 144 g of
defatted rapeseed meal, the yield of extract 1 was 1.003 g (0.7% yield),

[(absorbance blank 1 − absorbance inhibitor)
/(absorbance blank 1 − absorbance blank 2)] × 100
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chosen for further analysis as it inhibited ACE-I by 91% ± 0.08.
Extract 3 had an IC50 value of 0.25 mg/mL ± 0.05, compared
to the positive control, captopril, which had an IC50 value of
0.05 mg/mL ± 0.01, which is lower than reported in the
literature, at approximately 0.004 mg/mL.21
3.4. 1H NMR Analysis. 1H NMR spectroscopy was
performed in order to quantify the level of SA in extract 3,
given that it displayed the highest total phenolic content and
ACE-I inhibitory activity (Figures 4 and 5). Using the equation
of the line generated from the standard curve of SA, extract 3
was found to contain 5.31 mg of SA (5.3%) per 100 mg of
extract.

where blank 1 is the control without the addition of any inhibitor,
blank 2 is the reagent blank, and the inhibitor is the positive control or
test sample (extracts).
IC50 was determined by plotting % ACE-I inhibition against
concentration (mg/mL) of extract or captopril, and solving the
equation of the line, substituting 50 for the Y value and solving for X.
2.9. 1H NMR Analysis. 1H NMR spectroscopy was used to
quantify the level of sinapinic acid in extracts 1−3. It was performed
using the method of Tan and Shahidi (2013), using Topspin software
2.1.19 A standard curve was prepared using SA (Sigma-Aldrich, Dublin,
Ireland), which dissolved in dimethyl sulfoxide-d6 with 1% (v/v)
tetramethylsilane (DMSO-d6 with 1% TMS (v/v) (Sigma-Aldrich,
Dublin, Ireland). TMS served as an internal standard for the analysis.
Phenolic extract 3 was analyzed in triplicate by dissolving 0.1 g of
sample in 1 mL of DMSO-d6 containing 1% (v/v) TMS. In order to
calculate the quantity of SA in the extract, the average values for each
standard were plotted in Excel and a linear curve was generated. The
equation of the line was solved, substituting the value obtained for
extract 3 for the Y value and then solving for X.
2.10. Statistical Analysis. Data was derived from samples
obtained in biological triplicate, and each experiment was performed
in triplicate. The exception was ACE-I IC50 determination, which was
performed using two biological replicates in triplicate. Data was
subsequently analyzed for standard deviation (SD) and standard error
of mean (SEM), which was calculated and plotted using Microsoft
Excel 2013.

■

DISCUSSION
Rapeseed meal is a low economic value byproduct of rapeseed
oil production and is ordinarily used as animal feed. Rapeseed
contains more phenolic compounds than any other oilseed
plant, and the majority of these phenolics remain in the meal
after oil production. Phenolic acids including SA are also found
in fruits, vegetables, and members of the Brassicaceae family
including broccoli, cabbage, and kale. However, isolating these
potentially valuable phenolic acids from rapeseed meal could
enhance the economic value of this resource and make use of a
byproduct which is unﬁt for human consumption. It also ﬁts in
with the concept of a “circular economy”, whereby resources
which would otherwise be considered waste are recycled back
into the economy.22
A review of the literature regarding the phenolic composition
of rapeseed meal identiﬁed that SA comprises between 73 and
85.4% of free phenolic acids.23,24 Up to 80% of phenolic acids
in rapeseed meal are esteriﬁed, and hydrolysis with sodium
hydroxide releases the esteriﬁed phenolic acids, including
sinapine, yielding SA as the main phenolic acid.23 According to
the literature, SA constitutes between 70.9 and 96.7% of the
soluble esters in rapeseed; therefore extracts were successfully
generated containing free phenolics and soluble esters using the
method of Naczk et al.14,23 This method was chosen as it is a
published method which allows the extraction of phenolic acids
in their diﬀerent forms, i.e., free or esteriﬁed, using
methanol:acetone:water (7:7:6). During the extraction process,
all solvents are completely evaporated, leaving our extract of
interest for use in downstream studies. Extract 3, containing the
soluble esters, was found to have the highest yield at 2.11 g
(1.5% yield). It has previously been shown that esteriﬁed
phenolics appear to be extracted more eﬀectively than free
phenolic acids, as is the case in this work.14 However, no
explanation has been proposed for this observation. Analysis of
the total phenolic content found that extract 3 contained the
highest level of total phenolics at 1726 mg SAE/g. Given that
extract 3 had the highest total phenolic content, 1H NMR
spectroscopy was used to determine the quantity of SA in this
extract. Quantitative analysis of extract 3 using 1H NMR
analysis found that extract 3 contained 5.31 mg/100 mg of
extract. This is higher than the values previously reported,
which ranged from 0.17−1.7 mg/g of SA in rapeseed meal
phenolic isolates.25 The high level of SA in extract 3 is likely a
result of multiple extractions which were carried out to generate
a suﬃcient quantity of the extract. Eﬀorts will be made in order
to upscale the extraction of extract 3 from rapeseed meal, using
techniques such as accelerated solvent extraction (ASE).
All three extracts generated in this work were found to inhibit
ACE-I, with extract 3 found to inhibit ACE-I by 91% ± 0.08.
ACE-I inhibition has also been reported for other phenolic

3. RESULTS
3.1. Protein, Fat, Moisture, and Ash Analysis. The
moisture, protein, and fat content of phenolic extracts 1−3,
along with defatted rapeseed meal and seeds, are shown in
Table 1.
Table 1. Protein, Fat, Ash, and Moisture Content of Irish
Rapeseed Meal Phenolic Extracts along with Oilseed Rape
and Oilseed Rape Meal
sample

protein (N × 5.70)

fat

ash

moisture

extract 3
oilseed rape
oilseed rape meal

1.6
3.1
3.9

4.1
47.3
25.7

not tested
4.0
5.3

4.8
7.3
10.5

3.2. Total Phenolic Content of Phenolic Extracts. The
Folin−Ciocalteu assay measures the total phenolic content of
samples based on the transfer of electrons in an alkaline
medium from phenolic compounds to phosphomolybdic/
phosphotungstic acid complexes, forming a blue complex
which can be measured using a spectrophotometer.20 The total
phenolic content for each phenolic extract is shown in Figure 2.
The total phenolic content ranged from 572 mg SAE/g ± 0.05
for extract 1 to 1832 mg SAE/g ± 0.02 for extract 2 and 1726
mg SAE/g ± 0.08 for extract 3.
3.3. Rapeseed Phenolic Extracts Inhibit ACE-I Activity.
Extract 3 was examined for its potential to inhibit the enzyme
ACE-I, with ACE-I known to play a role in heart health by
ameliorating hypertension. The ACE-I inhibitory values
obtained for the phenolic extracts 1−3 are shown in Figure
3. ACE-I inhibitory activity ranged from 89% ± 0.04 for extract
1 to 90% ± 0.01 for extract 2 and 91% ± 0.08 for extract 3. The
ACE-I inhibitory activity values of the three extracts were
comparable to those of the positive control, captopril (97% ±
0.01), at a concentration of 1 mg/mL.
3.3.1. ACE-I IC50 Values. The concentration of extract 3 that
inhibited ACE-I by 50% (the IC50 value) was determined and
compared to the positive control, captopril. Extract 3 was
6888
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Figure 2. Angiotensin I-converting enzyme inhibition by Irish rapeseed meal phenolic fractions and positive control captopril. All samples were
tested at 1 mg/mL. ACE-I inhibitory activity ranged from 89% ± 0.04 for extract 1 to 90% ± 0.01 for extract 2 and 91% ± 0.08 for extract 3. Data is
representative of three biological replicates (n = 3), performed in triplicate. Data is expressed as mean ± SEM, carried out using Excel 2013.

Figure 3. Angiotensin-I converting enzyme IC50 inhibition values for positive control, captopril, and phenolic fraction 3. Extract 3 had an IC50 value
of 0.25 mg/mL ± 0.05, compared to the positive control, captopril, which had an IC50 value of 0.05 mg/mL ± 0.01. Data is representative of 2
independent experiments (n = 2), performed in triplicate. Data is expressed as mean ± SEM, carried out using Excel 2103.

intercellular adhesion-molecule-1, tumor necrosis factor-α,
and C-reactive protein.29 In line with this, SA has been
shown to exert its anti-inﬂammatory activity by inhibiting the
expression of iNOS, COX-2, TNF-α, and IL-1β.30 SA could
potentially play a role in the treatment of not only hypertension
but also disease states caused by hypertension; these include
vascular hypertrophy, retinopathy, and stroke.31
Inhibition of ACE-I is just one potential mechanism by which
SA could potentially improve heart health. SA has been shown
to restore ventricular function and improve both percent rate
pressure product and percent coronary ﬂow.7,9 Therefore,
further studies are necessary to examine the eﬀects of SA
through confocal analysis of stress ﬁbers and focal adhesions.
A potential mechanism has been proposed by which phenolic
acids, including hydroxycinnamic acids like SA, inhibit ACE-I.32
The above study found that hydroxycinnamic acids had

extracts generated from fruits and vegetables. For example,
phenolic extracts from black and red raspberries were found to
inhibit ACE-I by over 70% when assayed previously.26 ACE-I is
a zinc-dependent peptidase which cleaves angiotensin I to
angiotensin II, which is a vasoconstrictor involved in regulating
blood pressure.12 Recent evidence suggests that various
processes including oxidative stress, inﬂammation, and hypertension are interconnected, with each inﬂuencing the other in
terms of the pathology of “hypertension-related cardiovascular
events”.27 Therefore, developing inhibitors which can target
ACE-I and which also possess antioxidant activity is of great
interest.27 The antioxidant activity of phenolic acids including
sinapinic acid is well-known.7,28 The inﬂammatory process is
also known to contribute to cardiovascular events related to
hypertension, and it has been shown that ACE-I inhibitors can
alter inﬂammatory molecules.29 Such molecules include
6889
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Figure 4. 1H NMR spectra of extract 3. The peak for extract 3 is highlighted by the red circle. Extract 3 was analyzed in triplicate.

Figure 5. Standard curve of SA. The data generated from 1H NMR analysis of SA at various concentrations was used to generate a standard curve.
The equation of the line and R-squared value are displayed, which were used to calculate the mg of SA in extract 3.

survival in adenocarcinoma patients following treatment with
ACE-I inhibitors.33
The fat content determined for the oilseed rape sample was
higher than that obtained for the oilseed meal. This would be
expected, as during the pressing of the oilseed rape to produce
rapeseed oil, much of the oil and lipid content is expelled.
Oilseed rape meal is a byproduct of this deoiling process, and
therefore is expected to contain less fat than the oilseed rape
itself (Table 1). The ash content of rapeseed has been reported
to be approximately 4%, with our oilseed rape found to have an
ash content of 4.01%. Values reported for rapeseed meal have
been reported to be slightly higher at around 8%, with similar

increasing ACE-I inhibitory activity with increasing numbers of
hydroxyl groups. They also found that the potency of ACE-I
inhibition depends upon the presence of particular functional
groups, including hydroxyl, carboxyl, and acrylic groups, which
can act as hydrogen-bond acceptors or donors.32 Gallic acid,
which possesses ﬁve hydrogen-bond acceptor groups just as SA
does, was found to have higher activity when compared to
syringic acid, which has a low number of hydrogen-bond
acceptor groups.32
The ACE-I inhibitory properties of SA mean that it could
also prove potentially useful in the treatment of other diseases
including cancer, with a recent study demonstrating improved
6890
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values obtained with our samples, as the oilseed meal had a
slightly higher ash content at 5.3%.4
However, there are limitations to this work. The phenolic
extract isolated as part of this work is not puriﬁed and,
therefore, contains other phenolic acids besides SA. Some of
these include protocatechuic, caﬀeic, and syringic acid.14 PCA
was found to be a poor inhibitor of ACE-I activity, with less
than 50% inhibition observed at a concentration of 0.5 mM.34
Another study found that, at a similar concentration of 0.8 mM,
PCA only displayed 9% ACE inhibition. 32 When the
concentration was increased to 10 mM, the ACE-I inhibitory
activity increased to 91%.32 Syringic acid has also been reported
to be a weak inhibitor of ACE-I, with 54% inhibition at a
concentration of 10 mM.32 Similarly, caﬀeic acid has been
shown to have poor ACE-I inhibitory activity, displaying just
34% ACE-I inhibition at a concentration of 0.93 mM. In the
same study, caﬀeic acid was unable to be studied at a higher
molarity due to its poor solubility.32 Based on the existing
evidence, it appears unlikely that these phenolics contribute to
the ACE-I inhibitory eﬀects of our generated extract. Given the
high concentration of SA in our generated extract, 5.3 mg or 23
mM, and that a previous study has shown that SA can lower
plasma ACE activity, it would appear that SA does contribute to
the observed ACE-I inhibitory activity of our extract.9
The yield of extract generated was low, and as such multiple
extractions were required. Given that the extract displayed good
ACE-I inhibitory activity, it is a promising candidate to move
forward into animal studies, to determine its eﬃcacy as an
antihypertensive agent in vivo, but also for use in toxicology
studies. As such, it is planned to upscale the extraction process
and move forward to in vivo studies as mentioned. Another
limitation of this work is the stability of the extract, which is yet
to be determined. This information would be pertinent
regarding the potential use of this extract as a functional food
ingredient, which is ultimately what the project aims to achieve.
In conclusion, a phenolic extract isolated from Irish rapeseed
meal has potential utility as an antihypertensive agent to
improve heart health, through inhibition of ACE-I and
decreased hypertension. Therefore, this phenolic extract
containing SA is a promising candidate to move forward to
in vivo studies for the treatment of hypertension-related
cardiovascular events.

■
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